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Abstract—One of the major challenges of voltage
stabilization in converter-based DCmicrogrids are the
multiple interacting units displaying intermittent sup-
ply behavior. In this paper, we address this by a decen-
tralized scalable, plug-and-play voltage controller for
voltage-source converters (VSCs) at primary level. In
contrast to existing approaches, we follow a systematic
and constructive design based on port-Hamiltonian
systems (PHSs) which does neither require the heuris-
tic proposition of a Lyapunov function nor the compu-
tation of auxilliary variables such as time-derivatives.
By employing the Hamiltonian naturally obtained
from the PHS approach as Lyapunov function and
using the modularity of passive systems, we provide
sufficient conditions under which the designed VSC
controllers achieve microgrid-wide asymptotic voltage
stability. Integral action (IA), which preserves the
passive PHS structure, robustifies the design against
unknown disturbances and ensures zero voltage errors
in the steady-state. Numerical simulations illustrate
the functionality of the proposed voltage controller.
I. Introduction
In recent years, converter-based DC microgrids have
been identified as a viable option in future electrical
energy supply systems [1][2][3]. They are local entities
comprising flexible loads and distributed generation units
(DGUs) that also include storage devices. These DGUs
are commonly connected to the electrical network via
controllable voltage-source converters (VSCs) and RLC
filters [3][4][5].
Regarding their control, converter-based microgrids
provide a manifold of challenges. A central one is the
stabilization of the bus voltages [4][6], which in DC
microgrids directly determine the power flows through
the network. At present, the voltage stabilization is struc-
tured hierarchically with the basic control task being
performed by local VSC controllers at primary level
[3][4][5][6]. A further challenge of integrating a high share
of DGUs is their varying availability due to the intermit-
tent nature of most renewable energy sources, which can
in worst case lead to plug-in and -out operations [7].
In order to cope with multiple interacting DGUs and
their intermittent supply behavior, local VSC controllers
at primary level are usually implemented in a decentral-
ized manner [3, Fig. 2]. Decentralized control approaches
only rely on local information and measurements for
the corresponding local VSC control design which (i)
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makes them independent of the overall microgrid size
and thus scalable; (ii) drastically simplifies the control
design by decomposing the microgrid into more manage-
able, modular subsystems; (iii) allows for the addition
or removal of DGUs in a plug-and-play fashion without
requiring changes to any existing local controllers. From
an economic perspective, the purely local information re-
quirement is also compatible with high privacy standards
in market systems [8].
The most popular decentralized control method at
primary level is droop-based voltage control and exten-
sions thereof [5][6]. However, the voltage steady-state
errors due to primary voltage droop control necessitate
distributed secondary controllers [3][6]. Although the
resulting overall control simultaneously achieves offset-
free voltage stabilization and current sharing (see [9]
and references therein), it comes at the cost of some
form of communication and limited plug-and-play capa-
bility, and thus is outside the scope of this paper. An
alternative approach to decentralized, primary voltage
control is proposed in [1] and for example extended in [7]
and [8]. It is based on quasi-stationary approximations
of line dynamics which are only valid in low-voltage
networks. Furthermore, it requires information about the
lines connected to each DGU and solving linear matrix
inequalities for each primary voltage controller.
Passivity theory and its close link to Lyapunov sta-
bility (cf. [10, pp. 40]) is used in [2], [11], and [12]
to address the plug-and-play primary voltage control
problem in DC microgrids without the need for numerical
optimization. However, they (D1) necessitate a heuristic
proposition of an appropriate Lyapunov function which
in general might be cumbersome and hampers transfer to
other applications. Although [2] and [11] follow a more
structured proposition via a Krasovskii-type Lyapunov
function, this comes at the cost of requiring first-time
derivatives which must be estimated in practice in finite-
time. Furthermore, (D2) the approach in [12] a priori
specifies a PI controller which is tuned to shape the
proposed Lyapunov function and passivate the system
accordingly. In case of system modifications, the com-
plete heuristic process has to be redone. As the attainable
performance is restricted from the start to a PI structure,
the new problem might be infeasible.
In this paper, we circumvent drawbacks (D1) and (D2)
by following a systematic and constructive control design
based on port-Hamiltonian theory and interconnection
and damping assignment passivity-based control (IDA-
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Fig. 1. Interconnection of two (strictly) passive, closed-loop sys-
tems (dashed red) via their uncontrollable disturbance ports (blue)
to form an autonomous, (strictly) passive and thus (asymptotically)
stable overall system (dotted blue)
PBC). We derive sufficient conditions for the asymptotic
voltage stability of the whole DC microgrid by using
the modularity of passive systems and the Hamiltonian,
naturally obtained by the PHS approach, as a Lyapunov
function. This then leads to design requirements for
the VSC controllers and, similar to [2][11][12], to scalar
inequality conditions for the two-tier Z/ZIP loads con-
nected to each DGU. In contrast to being restricted PI
control structure, our control law in general allows any
static state feedback plus an IA. The specific controller
then follows naturally from the design process and the set
requirements (e.g. strict passivity, desired equilibrium)
for the closed-loop system. An additional IA accounts
for modeling errors and other disturbances that cause
unknown network current flows, which would lead to non-
zero voltage errors in the steady-state.
In summary, our main contributions comprise the de-
velopment of a scalable plug-and-play voltage control law
for converter-based DC microgrids which (a) asymptoti-
cally stabilizes the voltages in the whole DC microgrid,
(b) ensures zero voltage errors in the steady-state (also
in the presence of unknown disturbances), and (c) allows
a general static state feedback plus IA control structure.
II. Preliminaries and Basic Procedure
Central to this paper is the interconnection of passive
systems modeled as PHSs as illustrated in Fig. 1.
A. Modular Stability Analysis
Consider two systems i ∈ {1, 2} of port-Hamiltonian
form
x˙i = [Ji(xi)−Ri(xi)] ∂Hi(xi)
∂xi
+ gi(xi)ui + ki(xi)di,
(1a)
yi = gTi (xi)
∂Hi(xi)
∂xi
, (1b)
zi = kTi (x)
∂Hi(xi)
∂xi
, (1c)
where xi ∈ Rni is the state vector, ui ∈ Rmi is the
control input vector, di ∈ Rdi is the disturbance input
vector, yi ∈ Rmi is the control output vector, and zi ∈
Rdi is the disturbance output vector [13, p. 70]. The ma-
trices Ji(xi), Ri(xi), gi(xi), and ki(xi) are real-valued
matrices of respective sizes with Ji(xi) = −JTi (xi)
and Ri(xi) = RTi (xi) < 0 (positive semidefinite). The
Hamiltonian Hi(xi) : Rni → R≥0 is a smooth function
of the states representing the total energy stored in the
system. Throughout this paper, we consider quadratic
Hamiltonians
Hi(xi) =
1
2x
T
i Qixi, (1d)
with Qi = QTi  0, i.e. positive definite functions
Hi(x∗i ) = 0 and Hi(xi) > 0 for all xi 6= x∗i (cf. [14,
p. 117]) with minima specifying the equilibrium of system
(1) at x∗i = arg minxi Hi(xi). For Ri(xi)  0,
H. i(xi)
t.
= ∂
THi(xi)
∂xi
x˙i < u
T
i yi + dTi zi (2a)
⇔ −∂
THi(xi)
∂xi
Ri(xi)
∂Hi(xi)
∂xi
< 0 ∀xi 6= x∗i (2b)
holds and strict passivity of (1) w.r.t. the supply rate
si(ui,yi,di, zi) = uTi yi+dTi zi and the Hamiltonian (1d)
follows [14, p. 236].
Assuming we apply passivity-based control laws to
Systems 1 and 2 that shape the energy such that a
new Hamiltonian Hci(xi) with new equilibrium x∗i =
arg minxi Hci(xi) is established, and possibly modify the
dynamic behavior, we obtain closed-loop PHSs of the
form (see dashed red lines in Fig. 1)
x˙i = [Jci(xi)−Rci(xi)] ∂Hci(xi)
∂xi
+ ki(xi)di, (3a)
z˜i = kTi (x)
∂Hci(xi)
∂xi
(3b)
which are again strictly passive w.r.t. si(di, zi) = dTi z˜i
for positive definite Hci(xi) and Rci(xi) = RTci(xi)  0.
If di, z˜i simply specify the interconnection of Systems
1 and 2 via ideal flow (current) or effort (voltage)
constraints that algebraically link d1, z˜1 to d2, z˜2, the
interconnection is a power-preserving Dirac structure [13,
pp. 99]. In this case, the overall system (see dotted blue
in Fig. 1) is again a strictly passive (port-Hamiltonian)
system with the equilibrium x∗12 = [x∗1,x∗2]
T. Its Hamil-
tonian is the sum of the subsystem Hamiltonians
H12(x12) = Hc1(x1) +Hc2(x2) (4)
and thus also a positive definite function. As there are no
more open ports to interact with the overall system, the
supply rate is zero and similar to (2) follows ∀x12 6= x∗12
H. 12
t.
= −∂
TH12
∂x12
(Rc1(x1) +Rc2(x2))
∂H12
∂x12
< 0. (5)
By using this strict passivity w.r.t a zero supply rate and
the radially unbounded, positive definite, Hamiltonian
H12(x) as Lyapunov function, we directly can infer global
asymptotic stability of the overall equilibrium x∗12 via
Lyapunov’s direct method [15, pp. 44–45].
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Fig. 2. Bipartite graph representation of a DC microgrid with
DGUs, Kron-reduced loads associated with the respective DGUs,
and lines interconnecting the various DGUs; dotted lines indicate
the plug-and-play nature of the microgrid
B. Basic Procedure
Based on these considerations, we first model the
subsystems DGU and electrical line comprising any DC
microgrid as PHSs of the form (1). Then, we formu-
late the control problem arising for the requirement of
asymptotic voltage stability in a DC microgrid and sub-
sequently design an appropriate decentralized, passivity-
based voltage controller. In a last step, we extended
this controller by an IA which preserves the asymptotic
voltage stability of the DC microgrid. This robustifies
the voltage controller and ensures zero steady-state volt-
age errors in the presence of model uncertainties and
unknown network currents. For the remaining part of
this contribution, we establish the following assumption
which holds under normal grid conditions:
Assumption 1: Any voltages (bus, reference, nominal)
are strictly positive, i.e. V (t) > 0 for all t ≥ 0.
Remark 1: Note that due to Assumption 1, we only
use the term asymptotic voltage stability in this work and
drop the denotation global. Although, from a practical
perspective, the obtained voltage stability result is global
in the sense that it holds for the complete operationally
relevant area of V (t) > 0 for all t ≥ 0.
III. Modeling
In Section III-A, we introduce the DC microgrid to be
modeled and identify relevant subsystems. Sections III-
B and III-C present port-Hamiltonian models of the two
main subsystems DGU and electrical line.
A. System description
We consider a DC microgrid in islanded mode. The
microgrid consists of DGUs, loads, and lines in a load-
connected topology, i.e. loads are mapped to the DGU
terminals denoted as the Point of Common Coupling
(PCC) as in [1], [8], [2], [11] and [12]. This allows for
a bipartite graph representation of the DC microgrid as
shown in Fig. 2 (cf. [12]). The bipartite graph consists of
multiple connections of the two subsystems, DGU and
line (pi-model). A single such connection is illustrated in
Fig. 3. Note that each DGU may connect to an arbitrary
number of electrical lines.
B. DGU Inverter Interface Model
The left part of Fig. 3 depicts the circuit diagram of
a DGU at any node i in the microgrid. It consists of
a DC voltage source, which may represent a renewable
energy source or a storage device, a buck VSC, and
a series RLC filter. The losses in the VSC and filter
are lumped together in Rti. The DC voltage source is
assumed to represent an infinite power source [1][8][12]
and the buck VSC is considered as ideal transformer
without operational constraints [1][8][12]. The buck VSC
is described by an average model using the averaged
switch modeling technique [4]. A current source described
by ILi(Vi) represents the DGU-mapped loads. INi is
the net-current injected into the microgrid at PCCi
which equals the accumulated incoming and outgoing
line currents at PCCi. Based on fundamental electrical
network theory, a port-Hamiltonian model of form (1) of
the DGU VSC interface is defined by[
LtiI˙ti
CtiV˙i
]
=
[−Rti −1
1 − ILi(Vi)Vi
] [
Iti
Vi
]
+
[
1
0
]
Vti −
[
0
1
]
INi,
(6a)
Iti =
[
1 0
] [Iti
Vi
]
, (6b)
Vi =
[
0 1
] [Iti
Vi
]
, (6c)
Hi(xi) =
x21i
2Lti
+ x
2
2i
2Cti
= Lti2 I
2
ti +
Cti
2 V
2
i , (6d)
with xi = [LtiIti, CtiVi]T, ui = Vti, yi = Iti, di = −INi,
zi = Vi and interconnection and damping matrices
Ji =
[
0 −1
1 0
]
, Ri(xi) =
[
Rti 0
0 ILi(Vi)Vi
]
. (6e)
Note that from a modeling point of view, INi is an
unknown disturbance. The load ILi(Vi) is already inte-
grated into (6) and injects damping (see (6e)) dependent
on its characteristics and the bus voltage Vi.
1) Load Model: In this work, we model the load
connected to the PCCi of a DGU at node i by a
two-tier Z/ZIP model ([16, pp. 110-112]). For voltages
above 0.7V0 (V0: nominal microgrid voltage), we use the
static, polynomial ZIP model. It comprises the parallel
combination of a constant impedance (Z) expressed as
admittance (Y), a constant current (I), and a constant
power (P) load
ILi(Vi) = YLiVi + I¯Li + PLiV −1i , Vi ≥ 0.7V0 (7)
with YLi > 0, I¯Li = const. > 0, and PLi > 0. For voltages
below 0.7V0, the corresponding Z load forms a special
case of the subsequent analysis with I¯Li = 0 and PLi = 0
in (7). Consequently, it is not considered explicitly.
C. Electrical line model
The right side of Fig. 3 shows the structure of an
exemplary electrical line from node i to j. The line is de-
scribed by a pi-model with parameters Rij , Lij , Cij > 0.
DGUi Lineij
−
+
Vti
Iti
Rti Lti
Cti
+
−
Vi ILi(Vi)
INi
VSCi
PCCi
Cij
2
Rij
Iij
Lij
Cij
2
PCCj
Fig. 3. Circuit diagram of a DGU comprising a buck VSC, a filter, and a voltage-dependent current source representing a load, connected
to a pi-model line (blue); the legs of the line are considered part of the respective DGUs
Shunt conductances are neglected. The line capacitances
may be lumped with the respective filter capacitances
Cti and Ctj . However, even for an exemplary 50 km
transmission line with the electric constant 0, ground
distance D = 5 m, and radius r = 0.02 m
Cij ≈ 2pi0
ln( 5m0.02m )
50 km = 0.504µF 2.2 mF ≈ Cti/j
(8)
(cf. [17, p. 201][1, Table 1]). Thus their influence may be
neglected for the control design, ensuring the local buck
VSC controllers are independent of these unknown line
parameters. From the resulting RL model one can easily
obtain a one-dimensional PHS (1) with
Lij I˙ij = [−Rij ] [Iij ] +
[
1 −1] [Vi
Vj
]
, (9a)[
Iij
−Iij
]
=
[
1
−1
]
Iij , (9b)
Hij(xij) =
Lij
2 I
2
ij , (9c)
where xij = LijIij , Jij = 0, Rij = Rij , dij = [Vi, Vj ]T,
and zij = [Iij ,−Iij ]T. Note that (9) has no controlled
ports.
IV. Problem Formulation
The considered control problem is finding plug-and-
play control laws for the VSCs of the DGUs which
asymptotically stabilize the bus voltages Vi, i.e. lim
t→∞Vi =
V ∗i for all i = 1, . . . , N . The references V ∗i are specified by
a higher-level control. With (6), this implies the desired
closed-loop DGU equilibria
x∗i = [LtI∗ti, CtV ∗i ]
T
, i = 1, . . . , N. (10)
The current references x∗1,i = LtiI∗ti are not specified
explicitly and follow as a consequence of the load demand
and network exchange currents (see second row of (6a)).
As outlined in Section II, the strict passivity and thus
asymptotic stability of the equilibrium of a system can
be inferred by analyzing the passivity of the subsystems
and their interconnections.
Proposition 1: A DCmicrogrid represented by a bipar-
tite graph as in Fig. 2 comprising RL-lines and strictly
passive DGU PHSs is itself strictly passive with an
asymptotically stable equilibrium x∗MG given by the com-
bined equilibria of the subsystems DGU (including its
connected load) x∗i and electrical line x∗ij , respectively.
Proof: According to Section II, the line PHS in (9) is
a strictly passive system w.r.t. its ports dij , zij as Rij =
Rij > 0 per definition. If the DGU model (6) is strictly
passive w.r.t. its respective ports di, zi (possibly through
appropriate control to establish the desired equilibria
(10) and modify the dynamic behavior), then the DC
microgrid comprises only strictly passive subsystems (cf.
Fig. 1 dashed red) interconnected by ideal flow (current)
constraints which are power-conserving Dirac structures
([13, p. 100]). The strict passivity of the DC microgrid
then directly follows from [13, p. 107]. Its asymptotic
voltage stability can be inferred from Lyapunov’s direct
method ([15, p. 44]) by using the Hamiltonian of the DC
microgrid HMG, i.e. the sum of the subsystem Hamilto-
nians, as a Lyapunov function. As the strictly passive
DC microgrid has no more open ports (cf. Fig. 1 dotted
blue), H˙MG < 0,∀xMG 6= x∗MG holds.
From Proposition 1 follows that the task of voltage
stabilization in DC microgrids reduces to two main prob-
lems: (P1) Appropriately controlling the local buck VSCs
such that their respective DGUs are strictly passive w.r.t.
di, zi and the minima of their Hamiltonians are at the
desired voltage references V ∗i = x∗2,i/Cti, i = 1, . . . , N .
This also includes setting up inequalities for the control
parameters and load characteristics to guarantee the
strict passivity; (P2) Ensuring zero steady-state errors
of the bus voltages under model uncertainties and other
unmodeled disturbances.
V. Plug-and-play voltage control design
In Sections V-A and V-B, we address problem (P1)
by first designing a passivity-based voltage controller for
the initially undisturbed DGU model, i.e. (6) with di = 0.
Then we establish inequalities for the control parameters
and load characteristics to ensure strict passivity of the
DGU subsystem and thus microgrid-wide asymptotic
voltage stability as per Proposition 1. Problem (P2) is
addressed in Section V-C, where we extend the passivity-
based voltage controller with an IA that preserves the
closed-loop PHS form and thus the asymptotic voltage
stability.
Assumption 2: In the sequel, we assume voltage ref-
erences V ∗i and disturbances di to be piecewise constant
w.r.t. the fast VSC dynamics such that suitable constant
equilibria exist.
Remark 2: For clarity in the following control design,
the index i referring to the i-th DGU is dropped from all
variables and parameters, i.e. V = Vi, Rt = Rti, etc.
A. Passivity-Based Voltage Controller
Proposition 2: Consider a DGU model as defined in
(6). Suppose the disturbance currents are zero for the
control design, i.e. d = −IN = 0. If (6) is controlled by
the static state feedback control law
u(x) = β(x) = (Rt − r1)
Lt
x1 +
x∗2
Ct
+ r1IL
(
x∗2
Ct
)
, (11a)
= (Rt − r1) It + V ∗ + r1IL(V ∗). (11b)
then its closed-loop dynamics are given by[
LtI˙ti
CtV˙i
]
=
[−r1 −1
1 −r2(V )
] [
It − I∗t
V − V ∗
]
−
[
0
1
]
IN, (12a)
V − V ∗ = [0 1] [ It − I∗t
V − V ∗
]
(12b)
with the closed-loop equilibrium
x∗ = [LtI∗t , CtV ∗]
T
. (13)
The constant damping r1 ≥ 0 is the control parameter,
V ∗ = x∗2/Ct is the voltage reference, and the state x1 =
LtIt or rather its respective current It is a measurement.
Proof: In order to obtain (11), we apply an IDA-
PBC approach [18]. In general, IDA-PBC design assigns
a desired closed-loop PHS of the form
x = [Jc(x)−Rc(x)] ∂Hc(x)
∂x
(14a)
y = gT ∂Hc(x)
∂x
(14b)
with x∗ = arg minxHc(x) by means of a static state
feedback
u(x) =
[
gTg
]−1
gT
(
[Jc −Rc]∂Hc
∂x
− [J −R] H
∂x
)
(15)
This control law is obtained after solving the IDA-PBC
matching equation
g⊥(x) [Jc(x)−Rc(x)] ∂Hc(x)
∂x
=
g⊥(x) [J(x)−R(x)] ∂H(x)
∂x
.
(16)
Equation (16) represents a system of linear, first-order
PDEs whose solutions specify the assignable Hc(x) for
fixed Jc(x) and Rc(x). However, by fixing the desired
Hc(x), (16) can be simplified and becomes an algebraic
system of equations in Jc, Rc, g⊥. Accordingly, we fix
the desired Hamiltonian to
Hc(x) =
Lt
2 (It − I
∗
t )2 +
Ct
2 (V − V
∗)2 , (17)
by performing the simplest possible shift to (6d) such
that x∗ = arg minxHc(x) is established at (13). For the
solution of (16), we structurally parameterize the closed-
loop interconnection and damping matrices with
Jc =
[
0 −J12
J12 0
]
,Rc =
[
r1 0
0 r2(x)
]
(18)
where r1, r2(x) ≥ 0 ∀x. Selecting the natural choice for
the full-rank left annihilator g⊥ = [0, 1] since gi = [1, 0],
and inserting (6) with d = 0, (17), (18), and g⊥ into the
matching equation (16) yields[
J12 −r2(x)
][ It − I∗t
V − V ∗
]
=
[
1 − IL(V )V
][
It
V
]
, (19)
J12(It − I∗t )− r2(x)(V − V ∗) = It − IL(V ). (20)
Then we rewrite the load current equation (7) as
IL(V )− IL(V ∗) = YL(V − V ∗) + PL
(
1
V
− 1
V ∗
)
(21)
⇔ IL(V ) =
[
YL − PL
V V ∗
]
(V − V ∗) + IL(V ∗) (22)
and insert (22) in (20). By comparing the coefficients for
(It − I∗t ) and (V − V ∗) in (20), we obtain
J12(It − I∗t ) = It − IL(V ∗) (23)
r2(x)(V − V ∗) =
[
YL − PL
V V ∗
]
(V − V ∗) (24)
from which I∗t = IL(V ∗), J12 = 1, and
r2(x) = r2(V ) = YL − PL
V V ∗
, V, V ∗ ≥ 0.7V0 (25)
follow. Finally, with (6) for d = 0, (17), and (18), the
static state feedback controller (11) can be calculated.
The closed-loop dynamics (12) of the DGU model (6)
are obtained by inserting (11b) in (6).
Remark 3: Note that the control law (11) comprises a
damping assignment via static state feedback (Rt − r1) It
to establish a new filter resistance r1, and a model-based
disturbance compensation of the load influence in steady-
state r1IL(V ∗).
B. Closed-Loop Voltage Stability
According to Proposition 1, the asymptotic voltage
stability of the DC Microgrid is established if the closed-
loop DGU subsystem (12) is strictly passive w.r.t. its
port d, z. As outlined in Section II, strict passivity can
be inferred from R(x)  0. With
Rc(x) =
[
r1 0
0 r2(V )
]
! 0, (26)
from (12), we obtain with (25) the inequalities
r1 > 0, (27)
r2(V ) > 0⇔ YLV V ∗ > PL, V, V ∗ ≥ 0.7V0. (28)
The control parameter r1 ≥ 0 represents a degree of free-
dom in the design, which allows to adjust the damping of
the x1-dynamics. It can thus be chosen such that (27) is
always fulfilled. However, for the ZIP load model in (28),
the instantaneous voltage V and the voltage reference
V ∗ must not drop below a lower boundary specified by
the load characteristics YL, PL in order to ensure strict
passivity. This consequently restricts the operating area
at each PCCi depending on the characteristics of the
r1IL(V ∗)
1
Lt
∫
r1 IL(V )
1
Ct
∫
V ∗
I˙t It − V˙ V
−
d
Fig. 4. Block diagram of the closed-loop DGU model (12)
connected load. As (28) is most restrictive at V, V ∗ =
0.7V0, we propose
0.49YLV 20 > PL (29)
as a conservative measure to ensure the strict passivity
of (12) for any V, V ∗ ∈ [0.7V0,∞) under given YL,
PL. In light of Proposition 1, (29) is thus a sufficient
condition for the asymptotic voltage stability obtained
under control law (11).
C. Addition of Integral Action
As outlined in Remark 3, the control law (11) uses the
load model (7) to compensate the steady-state load influ-
ence. Naturally, exact model knowledge is neither fully
accurate nor fully available. Furthermore, the damping
assignment of r1 > 0 (see (27)) which ensures strict pas-
sivity and thus asymptotic voltage stability, introduces
a zero steady-state voltage error under non-vanishing
disturbances d = −IN 6= 0. This fact can be understood
by considering the block diagram of the closed-loop DGU
model (12) given in Fig. 4. Neglecting the load influence
IL(V ), we obtain the linear disturbance transfer function
V (s)
d(s) =
Lts+ r1
LtCts2 + r1Cts+ 1
(30)
For piecewise constant disturbances d(s) = ds follows
lim
s→0+
s
d
s
V (s)
d(s) = r1d. (31)
Thus, an additional IA is necessary to robustify the
control and to guarantee zero-steady state errors of the
bus voltage. For this purpose, the control (11) is extended
by IA via v to
u(x) = Vt = β(x) + v (32)
(cf. [18, p. 445]) yielding the closed-loop DGU dynamics[
LtI˙ti
CtV˙i
]
=
[−r1 −1
1 −r2(V )
] [
It − I∗t
V − V ∗
]
−
[
0
1
]
IN +
[
1
0
]
v
(33)
with (25). Since the disturbances act via d = −IN
on x˙2 = CtV˙i, which is not directly actuated by v,
the standard integral feedback of the passive output as
suggested in [18] is not applicable and the IA via state
transformation from [19] is employed.
Proposition 3: Consider the closed-loop DGU dynam-
ics (33) obtained with the static state feedback (11).
Suppose the disturbance current d = −IN is piecewise
constant (see Assumption 2). Then, the IA
v = kIr1
Ct
∫
(x∗2 − x2) t. +
kILt
Ct
(x∗2 − x2) (34a)
= kIr1
∫
(V ∗ − V )t. + kILt(V ∗ − V ), (34b)
establishes the new equilibrium
x˜∗ = [x˜∗1, x∗2]
T = [Lt(IL(V ∗) + IN), CtV ∗]T . (35)
Note that this IA does not affect the voltage stabil-
ity of the closed-loop DGU model (12) as it preserves
x∗2 = CtV ∗ and the port-Hamiltonian structure assigned
by IDA-PBC, i.e. Jc, Rc(x), and the shaped Hc(x).
Only the entries kI in the interconnection matrix and
a quadratic term of the extended state ze in the Hamil-
tonian are added (cf. (37)).
Proof: For d = −IN, (33) is in its canonical form (cf.
[19, (2)][20, (12)]) with one (n1 = 1) actuated or relative-
degree-one (RD1) state x1, which is directly actuated by
the controlled input (here v), and one higher relative-
degree (HRD) or unactuated state xh = x2 that receives
no direct action through v.
Initially, we extend (33) with one additional integrator
state
ze = kI
∫
∂Hcz(z)
∂zh
t. = kI
1
Ct
∫
(zh − z∗h) t.. (36)
and rewrite it in new z-coordinates asz˙1z˙h
z˙e
 =
−r1 −1 01 −r2(zh) −kI
0 kI 0
∂Hcz(z)/∂z1∂Hcz(z)/∂zh
∂Hcz(z)/∂ze

Hcz(z) = Hc(z1, zh) +
1
2k z
2
e (37)
= 12Lt
(z1 − z∗1)2 +
1
2Ct
(zh − z∗h)2 +
1
2k z
2
e .
Afterwards, we establish the HRD state transforma-
tion
xh = zh (38)
such that the equilibrium in terms of z∗h matches the
desired one x∗h implying V ∗. Subsequently, we find the
RD1 state transformation which satisfies requirement
(38) by solving
x˙h = z˙h
∂Hc
∂x1
− r2(x2)∂Hc
∂x2
= ∂Hcz
∂z1
− r2(zh)∂Hcz
∂zh
− kI ∂Hcz
∂ze
x1 − x∗1
Lt
= z1 − z
∗
1
Lt
− kI
k
ze (39)
for z1 =: Ψ(x1, xh, ze) which yields
z1 = x1 − x∗1 + z∗1 +
kILt
k
ze. (40)
Finally, we compute the integral control law v with
(33) from
z˙1
!= Ψ(x1, xh, ze)t.
(41)
−r1 z1 − z
∗
1
Lt
− zh − z
∗
h
Ct
= −r1x1 − x
∗
1
Lt
− x2 − x
∗
2
Ct
+ v
+ k
2
ILt
Ctk
(zh − z∗h) (42)
by inserting (36), (38), (40), xh = x2, and solving for v.
By setting k = kI in (42) as it offers no more degrees of
freedom here, we obtain the IA (34). The new equilibrium
that is established for (33) under the acting constant
disturbance d = −IN with the IA (34) is investigated
by rewriting (37) asz˙1z˙h
z˙e
 =
−r1 −1 01 −r2(zh) −kI
0 kI 0

∂H˜cz(z)/∂z1∂H˜cz(z)/∂zh
∂H˜cz(z)/∂ze

H˜cz(z) =
1
2Lt
(z1 − z∗1)2 +
1
2Ct
(zh − z∗h)2 (43)
+ 12kI
(ze − d)2.
From (38) and (43) follows that z∗h = x∗h = CtV ∗ and
z∗e = d = −IN. In order for z1 → z∗1 to hold, it follows
from (40) that
x1 → x∗1 − Ltz∗e = Lt (IL(V ∗) + IN) =: x˜∗1, (44)
which yields (35).
The overall control input (32) defining Vt is now
calculated with (11b) and (34) to
u = (Rt − r1)
Lt
x1 +
x∗2
Ct
+ r1IL
(
x∗2
Ct
)
+ kIr1
Ct
∫
(x∗2 − x2)t. +
kILt
Ct
(x∗2 − x2), (45a)
= (Rt − r1)It + V ∗ + r1IL(V ∗)
+ kIr1
∫
(V ∗ − V )t. + kILt(V ∗ − V ). (45b)
It can be seen that (45) amounts to a static state
feedback w.r.t x1 = LtIt, a model-based compensation of
the steady-state load influence r1IL(V ∗) (see Remark 3),
and a linear PI-controller w.r.t. the HRD state x2 = CtV ,
which represents the IA. The control parameters are
r1 > 0 and kI > 0.
Remark 4: Note that in absence of any load model
knowledge, the steady-state load compensation r1IL(V ∗)
is simply omitted. Instead, the PI-controller compensates
for it at the cost of impaired performance.
VI. Simulation
In this section, we assess the functionality of the local
passivity-based voltage controller with IA (45) and its
performance by a simulation with SimScape in Mat-
lab/Simulink. For this, we use the DC microgrid in
Fig. 2 consisting of five DGUs connected by seven lines.
TABLE I
Reference voltages and load parameters of the DGUs
(parameters in brackets indicate values after t = 3 s)
DGU V ∗i (V) YLi(Ω
−1), ILi(A), PLi(W)
1 (blue) 50 1/2, 1, 200
2 (red) 49.8 1/6, 1, 80
3 (yellow) 49.9 1/8, 1, 100
4 (purple) 49.7 1/10, 1, 50 (1/10, 1, 100)
5 (turquoise) 50.1 1/4, 1, 150
2 2.1 2.2
49.7
49.8
49.9
50
50.1
Time in s
V
i
in
V
2.95 3 3.05 3.1
49.2
49.4
49.6
49.8
50
50.2
Time in s
V
i
in
V
Fig. 5. Simulation results of the Vi for DGU 5 connection at t = 2 s
and load step at DGU 4 at t = 3 s; DGU colors are given in Table I
Each DGU comprises a VSC, an RLC filter, and a
load (7) (cf. Fig. 3). All DGU filters are parameterized
identically with Rt = 0.2 Ω, Lt = 1.8 mH, Ct = 2.2 mF
for i = 1, . . . , 5 (cf. [1]). In order to investigate the ro-
bustness of the control design, full pi-model lines are used
with the default Matlab per-kilometer values Rij =
0.01273 Ω/km, Lij = 0.9337 mH/km, Cij = 12.74 nF/km
and lengths as given in Fig. 2. The control parameters
are chosen to r1,i = 5Rti and kI,i = 500 s−1. The
former allows an intuitive interpretation of the damping
assignment as it is tantamount to replacing the original
filter resistances with a five times higher value. Reference
voltages are set around V0 = 50 V (cf. [1]) and the
load parameters are chosen such that they satisfy (29)
(cf. Table I). The simulation starts off with DGU 5
disconnected from the microgrid. To test the feasibility
of a plug-and-play operation, DGU 5 is connected at
t = 2 s as indicated in Fig. 2. To test the robustness of
the microgrid, an additional 50 W load is connected to
DGU 4 (cf. Table I) at t = 3 s. The resulting bus voltages
in Fig. 5 indicate stability and zero-steady state errors
in both cases. For the plug-in of DGU 5 at t = 2 s, the
largest deviation with approx. −0.2 V occurs at DGU 5.
But with approx. −0.4 %, it is well within a ±10 % band
around its reference. The constant power load step at
DGU 4 at t = 3 s induces larger, oscillating voltage
deviations, as the load damping in the DC microgrid is
reduced. With approx. −0.6 V = −1.2 %, however, they
are still well within the ±10 % band and decay fast in
less than 50 ms.
VII. Conclusion
In this paper, we presented a new systematic and
constructive control design for scalable, plug-and-play
voltage stabilization in DC microgrids. Based on port-
Hamiltonian modeling and the modularity of passive
systems, we provide sufficient conditions for the VSC
control design and the loads that lead to microgrid-wide
asymptotic voltage stability. As we use the Hamiltonian
as natural Lyapunov function, we avoid the possibly
cumbersome heuristic proposition of a Lyapunov func-
tion that is mandatory in existing approaches. Fur-
thermore, the IDA-PBC design allows a general static
state feedback control structure which we enable with
an additional IA to handle unknown disturbances and
model uncertainties, if the resulting current flows can be
considered as piecewise constant over time. Future work
will address an extension to current flows that are not
piecewise constant as well as operational constraints on
the power converters.
References
[1] M. Tucci, S. Riverso, J. C. Vasquez, J. M. Guerrero, and
G. Ferrari-Trecate. A decentralized scalable approach to
voltage control of dc islanded microgrids. IEEE Transactions
on Control Systems Technology, 24(6):1965–1979, 2016.
[2] M. Cucuzzella, R. Lazzari, Y. Kawano, K. C. Kosaraju, and
J. M. A. Scherpen. Robust passivity-based control of boost
converters in dc microgrids. In 58th IEEE Conference on
Decision and Control (CDC), Nice, France, 2019. to appear.
[3] L. Meng, Q. Shafiee, G. Ferrari-Trecate, H. Karimi, D. Ful-
wani, X. Lu, and J. M. Guerrero. Review on control of dc
microgrids and multiple microgrid clusters. IEEE Journal of
Emerging and Selected Topics in Power Electronics, 5(3):928–
948, 2017.
[4] Johannes Schiffer, Daniele Zonetti, Romeo Ortega, Aleksan-
dar M Stanković, Tevfik Sezi, and Jörg Raisch. A survey on
modeling of microgrids—from fundamental physics to phasors
and voltage sources. Automatica, 74:135–150, 2016.
[5] J. M. Guerrero, J. C. Vasquez, J. Matas, L. G. de Vicuna, and
M. Castilla. Hierarchical control of droop-controlled ac and
dc microgrids—a general approach toward standardization.
IEEE Transactions on Industrial Electronics, 58(1):158–172,
2011.
[6] T. Dragičević, X. Lu, J. C. Vasquez, and J. M. Guerrero. Dc
microgrids – part i: A review of control strategies and stabi-
lization techniques. IEEE Transactions on Power Electronics,
31(7):4876–4891, 2016.
[7] M. S. Sadabadi, Q. Shafiee, and A. Karimi. Plug-and-play
robust voltage control of dc microgrids. IEEE Transactions
on Smart Grid, 9(6):6886–6896, 2018.
[8] M. Tucci, S. Riverso, and G. Ferrari-Trecate. Line-
independent plug-and-play controllers for voltage stabilization
in dc microgrids. IEEE Transactions on Control Systems
Technology, 26(3):1115–1123, 2018.
[9] M. Cucuzzella, S. Trip, C. De Persis, X. Cheng, A. Ferrara,
and A. van der Schaft. A robust consensus algorithm for
current sharing and voltage regulation in dc microgrids. IEEE
Transactions on Control Systems Technology, 27(4):1583–
1595, 2019.
[10] R. Sepulchre, M. Janković, and P.V. Kokotović. Constructive
Nonlinear Control. Springer-Verlag London Limited, 1997.
[11] M. Cucuzzella, K. C. Kosaraju, and J. M. A. Scherpen.
Distributed passivity-based control of dc microgrids. In
2019 American Control Conference (ACC), pages 652–657,
Philadelphia, PA, USA, 2019.
[12] Pulkit Nahata, Raffaele Soloperto, Michele Tucci, Andrea
Martinelli, and Giancarlo Ferrari-Trecate. A passivity-based
approach to voltage stabilization in dc microgrids with zip
loads. Automatica, 113, 2020.
[13] V. Duindam, A. Macchelli, S. Stramigioli, and H. Bruyninckx.
Modeling and Control of Complex Physical Systems. Springer
Berlin Heidelberg, 2009.
[14] Hassan K Khalil. Nonlinear systems. Prentice-Hall, 3 edition,
2002.
[15] Arjan van der Schaft. L2 Gain and Passivity Techniques in
Nonlinear Control. Springer International Publishing AG, 3
edition, 2017.
[16] Jan Machowski, Janusz W. Bialek, and James R. Bumby.
Power System Dynamics: Stability and Control. John Wiley
& Sons, Ltd, Chichester, 2008.
[17] P. Kundur. Power System Stability and Control. McGraw-Hill,
New York, 1994.
[18] Romeo Ortega and Eloísa García-Canseco. Interconnection
and damping assignment passivity-based control: A survey.
European Journal of Control, 10(5):432 – 450, 2004.
[19] Alejandro Donaire and Sergio Junco. On the addition of
integral action to port-controlled hamiltonian systems. Au-
tomatica, 45(8):1910 – 1916, 2009.
[20] Paul Kotyczka. Local linear dynamics assignment in ida-pbc.
Automatica, 49(4):1037–1044, 2013.
